A series of new hydrophobic and protic alkylammonium ionic liquids with bis(trifluoromethylsulfonyl)imide or bis(perfluoroethylsulfonyl)imide as conjugated anions was synthesized in a one-pot reaction with a high yield. In essence our synthesis method involves the combination of neutralization and metathesis reactions. Some of these hydrophobic and protic ionic liquids were liquids at room temperature and therefore investigated as new extraction media for separation of Sr 2+ and Cs + from aqueous solutions. An excellent extraction efficiency was found for some of these ionic liquids using dicyclohexano-18-crown-6 and calix [4] arene-bis(tert-octylbenzo-crown-6) as extractants. The observed enhancement in the extraction efficiency can be attributed to the greater hydrophilicity of the cations of the protic ionic liquids. The application of the protic ionic liquids as new solvent systems for solvent extraction opens up a new avenue in searching for simple and efficient ionic liquids for tailored separation processes.
Introduction
Ionic liquids (ILs) have recently been demonstrated to be highly effective solvents for solvent extraction of metal ions based on macrocyclic extractants [1 -16] . In comparison with conventional molecular solvents, ILs exhibit enhanced distribution ratios (D M values) when using certain complexing neutral ligands as extractants for metal ions from aqueous solutions [1, 17] . Such enhancements can be attributed to three major fundamental factors: 1.) ion-recognition capabilities of complexing ligands [1] , 2.) unique ionic solvation environments provided by ILs for ionic species [1, 10, 18] , and 3.) ion-exchange abilities of ILs [4, 6] . The most commonly studied class of ILs for separation applications is based on dialkylimidazolium cations, which are aprotic in nature and formed by transfer of an alkyl (or equivalent) group, usually through an S N 2 reaction [19, 20] . Another type of ILs, which gains popularity in the applications related to fuel cells, is protic in nature [21 -25] . These protic ILs are 0932-0784 / 07 / 0500-0281 $ 06.00 c 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com formed by proton transfer between Brønsted acids and bases.
For our continuing interest in the development of new solvent extraction methods based on ILs for separation of fission products from high level wastes [1, 26, 27] , we describe herein the application of protic ILs in the solvent extraction of metal ions with crown ethers. Some new alkylammonium ILs were synthesized in a one-pot reaction with a high yield. Watanabe and coworkers [21, 22] have recently reported a straightforward synthesis of protic ILs by a neutralization reaction of a wide variety of organic amines with superacids [e. g. hydrogen bis(trifluoromethylsulfonyl)amide (HTFSI)] under solventfree conditions. The one-pot synthesis we have developed involves the neutralization of an alkylamine with a common acid (e. g. HCl), which is followed by a metathesis reaction of the resulting ammonium salt with lithium bis(trifluoromethylsulfonyl)imide or lithium bis(perfluoroethylsulfonyl)imide in an aqueous solution [28, 29] . Accordingly, the more expensive acid precursor (e. g. HTFSI) can be avoided.
Experimental

Materials and Methods
All chemicals and solvents were reagent grade and used without further purification unless noted otherwise. Dicyclohexano-18-crown-6 (DCH18C6) was purchased from Aldrich and is a mixture of cis-syncis and cis-anti-cis isomers. Calix [4] arene-bis(tert-octylbenzo-crown-6) (BOBCalixC6) was obtained from IBC Advanced Technologies (American Fork, UT) and used as received (97% stated purity). The loss of ILs in water was determined by combining 1 mL of IL and 10 mL deionized (D. I.) water and shaking for 60 min in a vibrating mixer. The solubility of each IL in water was calculated by measuring the concentration of the corresponding IL cations in the aqueous phase with NMR spectroscopy. The density of ILs was measured by filling a 1.0 mL volumetric flask to the mark with each IL and weighing [27] . The water content of the ILs was measured using a Metrohm 652 KF coulometer. The synthesis yields of these ILs and their physical properties are summarized in Table 1 . Aqueous solutions were prepared using D. I. water with a specific resistance of 18 MΩ cm or greater. 1 H and 13 C NMR spectra were obtained in CDCl 3 with a Bruker MSL-400 NMR spectrometer operating at 400.13 MHz for proton and 100.61 MHz for carbon. The proton and carbon chemical shifts are reported relative to tetramethylsilane (TMS). The molecular weights of some ILs were confirmed using electrospray mass spectra, which were obtained with a Thermo-Finnigan PolarisQ R Ion-Trap mass spectrometer (Austin, TX) modified with the addition of a Thermo-Finnigan Deca R electrospray ion source. The concentrations of Cs + and Sr 2+ were determined using a Dionex LC20 ion chromatograph equipped with an IonPac CS-12 analytical column. In some cases, the distribution coefficients for Sr 2+ were also verified by measuring the strontium concentrations using inductively coupled plasma-atomic emission spectroscopy (ICP-AES).
Extraction Experiments
The extraction experiments were performed in duplicate for each IL by contacting 1 mL of IL containing various concentrations of the extractant with 10 mL of cation-containing aqueous solution (1.5 mM) for 60 min in a vibrating mixer. After centrifugation, the upper aqueous phase was separated and the concentrations of cations were determined by ion chromatography.
The distribution coefficients (D M ) for extraction of M n+ are defined as [26, 27] 
where C i and C f represent the initial and final concentrations of M n+ in the aqueous phase, and V AS is the volume of the aqueous solution and V IL the volume of the IL. Although D M depends on the concentration of free extractants, the extraction trend reflected in D M should be the same as that of the corresponding equilibrium constant for a given initial extractant concentration. A volume ratio is needed in the calculation of distribution coefficients in (1) to account for the difference in volume between two phases. Thus, a distribution ratio for M n+ greater than 1 (D M > 1) represents an overall preference of M n+ to the IL phase. The values of D M were measured in duplicate with uncertainty within 5%.
General Procedure for the Synthesis of Quaternary Tri-, Di-, and Monoalkylammonium Ionic Liquids
The protocol for synthesizing these ILs is based on the combination of neutralization and the metathesis methodology [28, 29] . Briefly, organic amines and either lithium bis(trifluoromethylsulfonyl)imide (LiNTf 2 ) or lithium bis(perfluoroethylsulfonyl)imide (LiBETI) dissolved in D. I. water were mixed in equal molar ratios in flasks at room temperature. To each of these mixtures, a slight excess amount of conc. HCl was added. The resulting IL layers formed immediately following the addition of acid. The reaction is quite exothermic. The lower layers (IL) were separated from the aqueous phase and washed with D. I. H 2 O four times to ensure the removal of LiCl. The final products were dried under vacuum at 70 • C for 4 h. N,N-Dimethylisopropylammonium bis(trifluoromethylsulfonyl)imide (1) Triethylammonium bis(perfluoroethylsulfonyl)imide (8) . N-Methyldipropylammonium bis(trifluoromethylsulfonyl)imide (9) . From N-methyldipropylamine (4.11 g, 0.036 mol), LiNTf 2 (12) . 
Results and Discussion
Synthesis and Physical Properties
Though a large number of quaternary tetraalkylammonium compounds (R 4 N + ) has been investigated as media for various applications ranging from electrochemistry to catalysis [11, 19, 30] [ 21 -25, 31] . The reaction used for synthesizing trialkylammonium compounds (R 3 NH + ) in our current study is illustrated in Scheme 1. The essence of this synthesis method is the combination of neutralization and metathesis reactions [28, 29] and thereby avoiding the use of more expensive reagents (e. g. HTFSI). Similar combinational reactions were also employed to synthesize protic ILs based on dialkylammonium and monoalkylammonium compounds. Twenty trialkylammonium (R 3 NH + ), two dialkylammonium (R 2 NH 2 + ), and two monoalkylammonium (RNH 3 + ) compounds were successfully synthesized in a high yield ( Table 1 ). The melting points of the solid compounds (eight of them) were measured to be below 100 • C. The thermal properties of these ILs were investigated by thermogravimetric analysis (TGA). As seen from Table 1 , these ILs are stable up to about 300 • C, giving rise to wide liquidus temperature ranges. The thermal stabilities of these ILs seem to be essentially independent of the carbon chain length of the alkyl groups at the ammonium ions. However, there does appear to be a systematic correlation between the anion and the onset of the decomposition temperature of a specific IL. For the same cation, the ILs with BETI − as the conjugate anion have slightly lower thermal stability (20 degrees lower) than the ILs with NTf 2 − as the conjugate anion. This observation is unexpected, considering the structure and basicity similarities between BETI − and NTf 2 − [24] . As seen from Table 1 , the solubilities of these protic ILs in aqueous phases are inversely proportional to the alkyl chain length, indicating that the hydrophobicity of the protic ILs with the same anion is dominated by the alkyl substituent groups [3, 4] . Accordingly, the hydrophobicity of the longer alkyl chain substituents should significantly reduce the solubilities of the resulting neutral salts in water. As also seen from Table 1 , the solubilities of the protic ILs in water could be cut by two thirds through the change of anions from NTf 2 − to BETI − . The water contents of these protic ILs under dried conditions are comparable to those of aprotic imidazolium-based ILs [26, 27] . However, the water contents of the wet protic ILs (equilibrated with water for 1 h) are considerably higher than those of aprotic imidazolium-based ILs, indicating that the cations of the former ILs are more hydrophilic than those of the latter ILs.
The viscosities of these protic ILs were measured at three different temperatures and are summarized in Table 2 . The viscosities decrease appreciably when the temperatures increase from room temperature to 40 • C and 100 • C. There seems to be little correlation between the cation compositions of this series of the protic ILs and the viscosities measured. For ILs with shorter carbon chain length, they have comparable viscosities with those of aprotic imidazolium-based ILs. As expected, the ILs with BETI − are more viscous than the ILs with NTf 2 − for the same cations.
Extraction Results
In this study, only trialkylammonium-based ILs were investigated as new extraction media because monoalkyl-or dialkylammonium salts can form coordination complexes with crown ethers [32] . The syntheses of both mono-and dialkylammonium ILs were conducted for validating the generality of our metathesis-based synthesis method. Strontium and caesium ions were selected as target metal cations of interest, because they are divalent and univalent metal ions well studied in the context of crown ethers and our earlier studies [26, 27] . In addition, both 90 Sr and 137 Cs are fission products that are ubiquitous in nuclear wastes and contaminated nuclear sites. Consequently, the development of efficient extraction methodologies is important for their detection and removal. Chloride ion was chosen as a typical hydrophilic aqueous anion, because it is abundant in contaminated radioactive waste sites. The crown ethers chosen for extraction of Sr 2+ and Cs + in this study were DCH18C6 and BOBCalixC6, which are known to form strong coordination complexes with the corresponding targeted metal ions [33, 34] . The solubility of BOBCalixC6 in the trialkylammonium ILs is very limited. This observation can be attributed to the enhanced hydrophilicity of the corresponding cations in these ILs. The lack of any aromatic group in the trialkylammonium ILs for solubilizing BOBCalixC6, which contains phenyl groups, is another potential reason for the low solubility. Appreciable solubility of BOBCalixC6 was found only for three ionic liquids: [(n-C 6 H 13 ) 3 Table 3 ). These three ILs are the most hydrophobic among the trialkylammonium ILs listed in Table 3 . However, the solubility of DCH18C6 in the same trialkylammonium ILs is quite high, and a concentration of 0.1 M can be readily achieved. The Cs extraction results with the three ILs based on the trialkylammonium ILs containing BOBCalixC6 and the fourteen ILs based on the trialkylammonium ILs containing DCH18C6 are summarized in Table 3 . The extractions were performed as single-species (i. e., noncompetitive) extractions from a CsCl aqueous solution at two different acidities. One is under neutral condition and another in 0.1 M HCl.
As seen from Table 3 , the D Cs values of the DCH18C6 extraction system decrease drastically for all ILs listed in Table 3 [26, 35] . The previous investigations by Chun et al. [3] , Dietz et al. [4] , Visser et al. [2] , and us [1] revealed that, with the same anions, the more hydrophilic the cations of an IL the greater the extraction efficiency for DCH18C6. This dependence of the extraction efficiency on the hydrophilicity of IL cations is one of the key evidences for the ion-exchange model proposed by Dietz et al. [4] . Accordingly, the higher extraction efficiency achieved by the protic ILs containing DCH18C6 relative to that of the aprotic ILs containing the same extractant can be attributed to the enhanced hydrophilicity of the corresponding IL cations for facilitating ion-exchange processes and solvating hydrated crown ether complexes.
Interestingly, the change from neutral to acidic conditions for aqueous solutions slightly increases the extraction efficiency of the extraction systems based on ILs 18, 19, and 20. These three protic ILs have considerably smaller D Cs values, which can be attributed to their more hydrophobic cations and their limited ion-exchange and solvation capabilities. A similar phenomenon was observed for the BOBCalixC6 extraction system based on these three ILs, in further support of the different extraction mechanisms for ILs 18, 19 and 20. As seen in Table 4 , the D Cs values for the ILs in the absence of the extractants are very small in comparison to those in the presence of the extractants with exception of ILs 18, 19, and 20. This observation is consistent with the impor- The Sr extraction experiments based on the protic ILs were also performed as single-species (i. e., noncompetitive) extractions from SrCl 2 aqueous solutions at five different acidities. Table 5 summarizes the Sr extraction results under these five different conditions. As seen in Table 5 2 ]-based extraction system under neutral conditions. This observation is again consistent with the previous results concerning the imidazolium-based IL extraction system reported previously [3, 4] . This trend can again be attributed to the synergistic effect of the ion-exchange − as anion [35] .
As seen from Tables 3 and 5 , the variation of the alkyl chain length has a greater effect on D Sr than on D Cs values. This observation is also consistent with the ion-exchange extraction model for the IL-based extraction systems [35] . Because the number of IL cations involved in each ion-exchange reaction is equal to the metal cation charge q, the decrease in D Sr with the alkyl chain length is much faster than the decrease in D Cs . As seen from Fig. 1 , the D Sr values also decrease sharply with the acidity of aqueous solutions. For example, the D Sr value of the extraction system based on IL 4 is reduced from 229 000 under neutral condition to 64.5 under acidic condition (1 M HCl). The change of the D Sr values with pH is leveled off under highly acidic conditions. The sharp dependence of the D Sr values on the pH value is also correlated to the strong complex formation of DCH18C6 with oxonium cations, which competes with Sr 2+ during solvent extractions. Figure 2 shows the comparison of the extraction efficiencies between the imidazoliumbased and protic IL extraction systems under similar conditions. The highest extraction efficiency achieved with the new protic IL system containing DCH18C6 is ∼ 229 000, which is about three times better than that achieved with the imidazolium-based IL system under similar extraction conditions [35] . This enhancement clearly demonstrates the potential to increase the extraction efficiency with increased hydrophilicity of the IL cations.
As seen from Table 4 , the extraction efficiencies for Sr 2+ are smaller than those for Cs + based on the di- rect ion-exchange process in the absence of the extractants. The selectivity of the ILs is dominated by the hydrophobicity of the metal ions extracted (i. e., their Hofmeister selectivity) in this direct ion-exchange process. The very limited extraction efficiencies observed for Sr 2+ via the direct ion-exchange process again underscore the key role played by the extractants. The high extraction efficiencies observed for the new IL extraction systems with the crown ether extractants can be attributed to the synergism of the ion-exchange process and the extractant complexation.
Conclusions
The synthesis and characterization of new hydrophobic and protic alkylammonium ionic liquids with bis(trifluoromethylsulfonyl)imide or bis-(perfluoroethylsulfonyl)imide as conjugated anions were reported. The extraction efficiencies of the trialkylammonium-based IL extraction systems using BOBCalixC6 and DCH18C6 as extractants have been studied with comparison to the imidazolium-based extraction systems. These new protic extraction systems exhibit the enhanced extraction efficiencies resulted from the increased hydrophilicity of the corresponding IL cations. A strong dependence of the extraction efficiencies on the pH value has been observed, indicating the possibility for the development of stripping strategies based on pH swing.
